Acute inescapable stress dramatically affects the inducibility of plasticity at glutamatergic synapses in the intact hippocampus. The present study examined the involvement of serotonergic mechanisms in mediating and modulating the block of longterm potentiation (LTP) in the CA1 area of anesthetized rats after exposure to an elevated platform stress. Fluoxetine and fenfluramine, agents that raise hippocampal extracellular 5-HT concentration, blocked the induction of LTP in nonstressed animals, thus mimicking the effect of stress. In contrast, (Ϯ)-tianeptine, a drug that decreases 5-HT levels, had no effect on LTP induction in nonstressed animals. Remarkably, (Ϯ) administration of tianeptine after the stress rapidly overcame the block of LTP induction without affecting baseline excitatory transmission. Consistent with a reduction of 5-HT levels being responsible for this effect of tianeptine, the (Ϫ) enantiomer, which is associated with the 5-HT uptake enhancing action of (Ϯ)-tianeptine, also caused a recovery of the induction of LTP in previously stressed animals, whereas the relatively inactive (ϩ) enantiomer had no effect. Furthermore, fluoxetine prevented the effect of tianeptine in stressed animals. These findings show that antidepressants have rapid and powerful interactions with the mechanisms controlling the persistence of the block of LTP by inescapable stress.
Acute inescapable stress dramatically affects the inducibility of plasticity at glutamatergic synapses in the intact hippocampus. The present study examined the involvement of serotonergic mechanisms in mediating and modulating the block of longterm potentiation (LTP) in the CA1 area of anesthetized rats after exposure to an elevated platform stress. Fluoxetine and fenfluramine, agents that raise hippocampal extracellular 5-HT concentration, blocked the induction of LTP in nonstressed animals, thus mimicking the effect of stress. In contrast, (Ϯ)-tianeptine, a drug that decreases 5-HT levels, had no effect on LTP induction in nonstressed animals. Remarkably, (Ϯ) administration of tianeptine after the stress rapidly overcame the block of LTP induction without affecting baseline excitatory transmission. Consistent with a reduction of 5-HT levels being responsible for this effect of tianeptine, the (Ϫ) enantiomer, which is associated with the 5-HT uptake enhancing action of (Ϯ)-tianeptine, also caused a recovery of the induction of LTP in previously stressed animals, whereas the relatively inactive (ϩ) enantiomer had no effect. Furthermore, fluoxetine prevented the effect of tianeptine in stressed animals. These findings show that antidepressants have rapid and powerful interactions with the mechanisms controlling the persistence of the block of LTP by inescapable stress.
Key words: acute stress; synaptic plasticity; long-term potentiation; 5-hydroxytryptamine; fluoxetine; fenfluramine; tianeptine; in vivo; antidepressant Stress has long been recognized to strongly influence learning and memory (Izquierdo and Medina, 1997; McGaugh, 2000) . In the case of the performance of hippocampal-dependent learning tasks, stress has been reported to either facilitate or block the acquisition, consolidation, and/or recall of such tasks, depending on experimental conditions (Diamond et al., 1996; Healy and Drugan, 1996; de Quervain et al., 1998; Roozendaal, 2000; Kim et al., 2001) .
Stress dramatically affects synaptic plasticity, a putative hippocampal memory mechanism (Kim and Yoon, 1998; McEwen, 1999; Martin et al., 2000; Garcia, 2001) . Acute inescapable stress can produce a change in both the susceptibility to, and the direction of, plasticity at glutamatergic synapses in the CA1 area without affecting baseline transmission (Shors et al., 1997; Xu et al., 1997) . Such stress blocks high-frequency stimulation-induced persistent increases in synaptic efficacy [long-term potentiation (LTP)] (Shors et al., 1989; Diamond et al., 1990; Xu et al., 1997) , whereas low-frequency stimulation-induced long-term depression (LTD) can be facilitated (Kim et al., 1996; Xu et al., 1997) . These changes in the inducibility of synaptic plasticity can be observed several hours after the stress episode in anesthetized animals, whereas they are rapidly reversed in awake animals that are allowed to behaviorally adapt to the aversive event (Xu et al., 1997) .
A wide variety of neurotransmitter and neuroendocrine systems are activated by stress that can potentially affect synaptic plasticity. Evidence for NMDA and opioid receptor-dependent mechanisms was provided by the prevention of the stress block of LTP by pretreatment with the receptor antagonists CGP 39551 (Kim et al., 1996) and naloxone (Shors et al., 1990) , respectively. Consistent with an involvement of corticosteroid-dependent mechanisms in stress modification of plasticity, an antagonist of glucocorticoid receptors (RU38486) and a protein synthesis inhibitor (emetine) prevented the block of LTP induction when given just before or soon after the inescapable stress (Xu et al., 1998) . Significantly, apart from emetine, which was inactive, none of these agents was administered at the time of high-frequency conditioning stimulation to determine possible mechanisms maintaining, or ways of overcoming, the block. Recently, the involvement of serotonergic mechanisms in mediating some of the persistent effects of inescapable stress has gained support (Edwards et al., 1993; Graeff et al., 1996; Chaouloff et al., 1999; de Kloet, 2000; Joëls, 2001) . Many aversive stressors have been reported to increase 5-hydroxytryptamine (5-HT) release and levels in both the ventral and dorsal hippocampus (Joseph and Kennett, 1983; Vahabzadeh and Fillenz, 1994; Wilkinson et al., 1996; Matsuo et al., 1996; Ge et al., 1997; Kirby et al., 1997) . In the case of inescapable stress, the increase has been found to be greater and more persistent (Amat et al., 1998) . Furthermore, 5-HT can inhibit LTP in the CA1 area of the hippocampus (Corradetti et al., 1992; Passani et al., 1994; Stäubli and Otaky, 1994; Stäubli and Xu, 1995) . The present experiments investigated the effects of agents that regulate endogenous 5-HT on the ability of high-frequency stimulation to induce LTP in the CA1 area in vivo. An agent that lowers endogenous 5-HT levels was found to reverse the block of LTP induction in anesthetized rats previously exposed to an inescapable raised platform stress (Xu et al., 1997) . In contrast, in nonstressed animals the stress-evoked block of LTP was mimicked by compounds that increase extracellular 5-HT concentration. These results point to a possible key role of endogenous 5-HT in mediating and overcoming the effects of inescapable stress on plasticity at glutamatergic synapses.
MATERIALS AND METHODS
Animals and surger y. Adult (280 -350 gm) male Wistar rats (inbred strain; Bio-Resources Unit, Trinity College, Dublin) were used in all experiments. Animals were group-housed, six or less to a cage, under a 12 hr light /dark cycle and allowed ad libitum access to food and water. During surgery, the rats were anesthetized with urethane (ethyl carbamate; 2.1 gm / kg, i.p.) and lignocaine (10 mg, 1% adrenaline) was injected subcutaneously over the area of the skull where the electrodes were to be implanted. The body temperature was maintained at 36.8 -37.5°C for the duration of the experiments. At the end of each experiment the animal was killed with a lethal dose of sodium pentobarbione (800 mg / kg, i.p.).
Electrode implantation. Electrodes were made and implanted as described previously (Xu et al., 1998) . Briefly, twisted wire bipolar electrodes were constructed from Teflon-coated tungsten wires (625 m tungsten inner core diameter/750 m external diameter). Recordings of field EPSPs were made from the stratum radiatum in the CA1 area of the right hippocampal hemisphere in response to stimulation of the ipsilateral Schaffer collateral -commissural pathway. The electrode implantation sites were identified using stereotaxic coordinates, with the recording site located 3.4 mm posterior to bregma and 2.5 mm lateral to the midline, and stimulating electrodes 4.2 mm posterior to bregma and 3.8 mm lateral to midline. Stainless steel screws mounted in the skull served as ground (7.0 mm posterior and 5 mm right of midline) and reference (8.0 mm anterior and 0.5 mm lateral of midline) electrodes. The final placement of electrodes the CA1 region was optimized using electrophysiological criteria (Leung, 1979) .
Electrophysiolog y. Test field EPSPs were evoked at a frequency of 0.033 Hz and intensity evoking a response that was 50 -60% of maximum amplitude. High-frequency stimulation (HFS) consisted of square pulses (0.2 msec duration) of 10 trains of 20 stimuli with an interstimulus interval of 5 msec (200 Hz) and an intertrain interval of 2 sec.
Stress protocol. Animals were placed on a platform (30 ϫ 27 cm) that was 130 cm above ground level. This protocol was chosen because it has been found to raise serum corticosterone levels and to reliably block the induction of LTP in our laboratory (Xu et al., 1997; see Results) . All stressed rats were left on the platform for 30 min followed immediately by anesthesia. Control, nonstressed rats were anesthetized immediately after transfer from the animal house.
Corticosterone assay. Plasma corticosterone levels were assessed using radioimmunoassay (I DS L td., Boldon, UK). Plasma samples (ϳ1 ml) were taken in series by cardiac puncture in separate groups of rats undergoing similar surgical procedures to those used for the electrophysiology experiments. Samples were taken at the time of anesthesia and at the time of application of HFS protocol. All samples were heparinized and centrif uged at room temperature for 5 min. The plasma was then frozen until the day of the assay.
Compounds. All drugs were dissolved in distilled water. (Ϯ)-Tianeptine, (Ϫ)-tianeptine (S-16190 -1) and (ϩ)-tianeptine (S-16191-1) were provided by Servier. (Ϯ)-Fluoxetine HC l was purchased from Sigma (St. L ouis, MO).
Data anal ysis. Field EPSP amplitude was measured as the potential difference between the baseline immediately before stimulation and the peak negative response. All data points are expressed as the percentage of the mean response over a 30 min baseline period and presented as the mean Ϯ SEM for 10 min epochs at the times indicated. Statistical comparisons were carried out using repeated measures ANOVA or two-tailed paired and unpaired t tests where appropriate. The probability level interpreted as significant was p Ͻ 0.05.
RESULTS

LTP induction in nonstressed animals
First, the ability of agents that raise endogenous 5-HT levels to modulate the induction of LTP in the intact hippocampus of nonstressed rats was investigated (Fig. 1) . Both fenfluramine and fluoxetine increase hippocampal extracellular 5-HT concentration by blocking its reuptake but fenfluramine also acts by promoting the release of 5-HT, the levels rising ϳ2-3 fold for several hours at the doses tested (Sabol et al., 1992; Hervas and Artigas, 1998; Rocher and Gardier, 2001) . Neither drug affected baseline glutamatergic transmission at the doses used to examine their effects on LTP.
Both drugs mimicked the effects of stress on LTP induction. Injection of fenfluramine (5 mg/kg, i.p.) 30 min before the conditioning stimulation prevented the induction of LTP, leaving a residual, nonsignificant short-term potentiation (STP). Thus, the EPSP amplitude did not significantly increase above baseline after the tetanus (118.6 Ϯ 6.8, 107 Ϯ 2.1, and 105.5 Ϯ 3.5% at 10, 60, and 120 min after HFS; p Ͼ 0.05 compared with baseline; p Ͻ 0.05 compared with water-injected controls, 135 Ϯ 7.3, 130.6 Ϯ 6.3 and 126.1 Ϯ 6.3%, respectively; n ϭ 5 per group) (Fig. 1 A,B) .
Similarly, fluoxetine (10 mg/kg, i.p.) blocked the induction of both STP and LTP when injected 40 min before the HFS. There was no significant potentiation of the synaptic responses at 10, 60, or 90 min after HFS (115.6 Ϯ 6.2, 90.5 Ϯ 1.3, and 89.5 Ϯ 4%, respectively; n ϭ 5) (Fig. 1C) ( p Ͼ 0.05 compared with baseline, p Ͻ 0.05 compared with water injected controls).
Next, the ability of an agent that lowers the endogenous extracellular concentration of 5-HT to modulate the induction of LTP by HFS in nonstressed animals was examined (Fig. 1 D) . The 5-HT reuptake enhancer tianeptine (Dresse and Scuvee-Moreau, 1988; Fattaccini et al., 1990; De Simoni et al., 1992; Labrid et al., 1992; Wilde and Penfield, 1995 ) (see also Pineyro et al., 1995; Malagie et al., 2000) was injected at a dose of 1 mg/kg, intraperitoneally, because this did not affect baseline excitatory transmission, whereas a dose of 5 mg/kg increased it (data not shown, see Spedding et al., 1998) . In contrast with the agents that raise 5-HT levels, tianeptine, injected 40 min before the HFS, did not significantly affect the magnitude of LTP (n ϭ 5; 140.6 Ϯ 4.5, 142.9 Ϯ 12.8, and 141.1 Ϯ 13.1% at 10, 60, and 120 min post-HFS) (Fig.  1 D) (values similar to those observed in vehicle-injected animals; p Ͼ 0.05).
LTP induction in stressed animals
The inescapable stress procedure (Xu et al., 1997) entailed placing the rat on the elevated platform for a period of 30 min, after which they were immediately anesthetized with urethane. During the period on the elevated platform the rats showed signs of stress including "behavioral freezing", piloerection, defecation, and urination. The plasma corticosterone levels were elevated in the stressed animals (176.3 Ϯ 30.3 ng/ml at time of anesthesia, n ϭ 4, p Ͻ 0.05, compared with116.7 Ϯ 5.8 ng/ml in nonstressed animals, n ϭ 8).
To investigate the role of elevated endogenous 5-HT in the block of LTP by stress, the effect of the 5-HT reuptake enhancer tianeptine (1 mg/kg, i.p.) was examined in stressed animals (Fig.  2) . The effectiveness of the stress protocol to block LTP induction was established in each animal first by applying conditioning stimulation in the absence of drug. Thus, tetanic stimulation (HFS1) failed to induce a persistent change in synaptic strength (105.5 Ϯ 4.8% at 1 hr; n ϭ 6; p Ͼ 0.05 compared with baseline) in these previously stressed rats. However, the application of a second HFS (HFS2) 40 min after the administration of tianeptine now induced stable LTP (155.9 Ϯ 13.6 and 159.5 Ϯ 17.2% at 60 and 120 min after HFS2; p Ͻ 0.05 compared with pre-HFS2 baseline) (Fig. 2 B) . The recovery of the ability to induce LTP with HFS after tianeptine treatment was not caused by a timedependent recovery from the stress because a second HFS failed to elicit LTP in stressed, water-injected controls (102.1 Ϯ 3 and 98.7 Ϯ 2.1%, respectively; n ϭ 5; p Ͻ 0.05 compared with tianeptine) (Fig. 2 A) . Furthermore, the ability of tianeptine to reverse the effect of stress was not caused by a reduction in plasma corticosterone because this was not affected (249.3 Ϯ 37.7 and 254.3 Ϯ 54.8 ng/ml at the time of HFS2 in water, n ϭ 6, and tianeptine-treated animals, n ϭ 7, p Ͼ 0.05).
Because the 5-HT uptake enhancing action of (Ϯ)tianeptine is believed to reside predominantly in one enantiomer, (Ϫ)-tianeptine (S 16190) (Oluyomi et al., 1997) , a blind study of the effects of the two enantiomers on LTP induction in stressed animals was then undertaken. The dose chosen (0.5 mg/kg) was half that used in the study of the racemic mixture. Consistent with a role for a reduction in extracellular 5-HT concentration mediating the action of tianeptine, the (Ϫ)-enantiomer mimicked the ability of the racemate to reverse the block of LTP induction by stress, whereas (ϩ)-tianeptine was inactive. Although the first HFS failed to elicit LTP in previously stressed animals, the injection of (Ϫ)-tianeptine enabled the induction of LTP by a second HFS (140.5 Ϯ 9.7 and 127.9 Ϯ 8.9% at 60 and 120 min; n ϭ 5) (Fig. 3A) ( p Ͻ 0.05 compared with water-injected controls). In contrast, application of HFS in stressed animals receiving an injection of the same dose of (ϩ)-tianeptine failed to induce LTP (102.2 Ϯ 7.3 and 101.2 Ϯ 7.4%; n ϭ 5) (Fig. 3B) ( p Ͼ 0.05 compared with water-injected controls). There was no evidence to support the possibility that tianeptine facilitated LTP induction in stressed animals by altering the synaptic response during the HFS protocol. The difference between the response to HFS1 (before injection) and HFS2 (after injection) was assessed by examining the integrated amplitude of the negative wave of the field potential evoked by the first burst of each HFS train. There was no effect of tianeptine on the magnitude of this difference [3.4 Ϯ 1.1 for (Ϯ)-tianeptine, Ϫ2.0 Ϯ 2.2 for (Ϫ)-tianeptine, and Ϫ0.3 Ϯ 0.9 for (ϩ)-tianeptine; p Ͼ 0.05 compared with Ϫ0.2 Ϯ 1.4 in water-treated animals; n ϭ 5 per group).
Because fluoxetine exerts an opposite action on 5-HT uptake, it was reasoned that it should oppose the effect of tianeptine in stressed animals (Nowakowska et al., 2000) . Consistent with this proposal, fluoxetine prevented the reversal of the effect of stress by tianeptine (Fig. 3C) . Thus, when previously stressed animals were injected with both tianeptine and fluoxetine at doses that individually reversed the effects of stress, the HFS failed to induce LTP (104.5 Ϯ 3.5 and 99 Ϯ 2.5% compared with pre-HFS2 baseline; n ϭ 5).
DISCUSSION
Evidence that endogenous 5-HT has a major inhibitory effect on LTP induction in the CA1 area in the intact hippocampus was provided by Stäubli and Xu (1995) . They reported that in freely behaving rats LTP was facilitated by blockade of 5-HT receptors using the selective 5-HT 3 receptor antagonist ondansetron. Previous in vitro studies have shown that bath application of 5-HT can block the induction of LTP in the CA1 area of hippocampal slices (Corradetti et al., 1992; Passani et al., 1994; Stäubli and Otaky, 1994) . Because there are many different 5-HT receptor subtypes with different sensitivities to 5-HT (Barnes and Sharp, 2000) , raising endogenous levels of 5-HT would lead to activation of a large range of receptors. Many of these receptors have actions on cellular processes that regulate the induction of LTP. The block of LTP induction in vitro has been proposed to be a result of either a 5-HT 3 receptor-mediated activation of inhibitory interneurons or a more direct 5-HT 1A receptor-mediated inhibition of pyramidal neuron excitability (Corradetti et al., 1992; Passani et al., 1994; Stäubli and Otaky, 1994) . The present data strongly support the idea that endogenous 5-HT has a powerful suppressant action. In particular, the new data strongly implicate 5-HT mechanisms in the mediation and modulation of the block of LTP induction by acute inescapable stress.
In contrast with the finding of Stäubli and Xu (1995) that the 5-HT 3 receptor antagonist ondansetron increased the amplitude and duration of theta burst-induced LTP in freely moving animals, tianeptine, an agent that lowers 5-HT levels, had no effect on LTP induced by HFS in nonstressed anesthetized animals. This may be attributable to a greater ability of 5-HT to inhibit the response to short burst conditioning stimulation (Stäubli and Otaky, 1994) . Consistent with this, Corradetti et al. (1992) found that 5-HT blocked primed burst-induced LTP but did not affect the induction of LTP by long (100 pulses) trains of HFS. The present study used an intermediate burst duration (20 pulses). The lack of effect in nonstressed animals in the present experiments may also be attributable to the use of anesthesia because background output of 5-HT increases with increased motor activity and arousal (Jacobs and Fornal, 1999; Park et al., 1999) .
The discovery that fluoxetine and fenfluramine, agents that increase hippocampal extracellular 5-HT levels, blocked LTP induction in the intact hippocampal CA1 area of nonstressed animals indicates that endogenously released 5-HT can have a strong inhibitory action on synaptic plasticity without affecting basal synaptic transmission. Thus, raising endogenous 5-HT appears to mimic the effect of acute inescapable stress on LTP. Consistent with a key role of raised endogenous 5-HT levels in mediating the effects of stress, tianeptine, an agent that reduces 5-HT levels, was able to overcome the block of LTP induction by inescapable stress at a dose level that did not affect LTP in nonstressed animals. Furthermore, the reversal of the effect of stress by tianeptine was enantiomer-selective, the uptake enhancing (Ϫ)-enantiomer (Oluyomi et al., 1997) accounting for the activity of the racemic mixture in our model. That tianeptine was effective in enabling LTP induction several hours after the stress is consistent with evidence that inescapable stress triggers a persistent increase in 5-HT tone (Amat et al., 1998) . The latter study, performed in the ventral hippocampus, found an approximately twofold increase that lasted for several hours after exposure to inescapable tailshock. This appears to be caused by a persistent restricted activation of certain serotonergic neurons, in particular, those in the middle and caudal parts of the dorsal raphe nucleus (Grahn et al., 1999) . Different groups of these neurons supply the ventral and dorsal hippocampus and the medial septum, which innervates the hippocampus extensively (Azmitia, 1981; Köhler and Steinbusch, 1982; Imai et al., 1986; Vertes, 1991; Acsady et al., 1996) .
Clearly, in vivo, the involvement of extrahippocampal actions of 5-HT might also indirectly contribute to the regulation of hippocampal LTP induction by stress or systemically administered agents. For example, tianeptine opposes stress-induced reductions in 5-HT uptake not only in the hippocampus but also in the cortex and hypothalamus (Mennini et al., 1993) , and under some conditions can block stress-evoked elevations in corticosterone (Broqua et al., 1992; Labrid et al., 1992; Delbende et al., 1994) . Given the intricate inter-relationship between 5-HT and the limbic-hypothalamic-pituitary-adrenal axis (Chaouloff et al., 1999; Vollmayr et al., 2000) , it was important to determine if tianeptine reduced corticosterone levels and thereby lead to a recovery of LTP induction in stressed animals. The lack of an effect in the present study, in which the drug was administered under anesthesia after the stress, shows that this is not the case.
Although the present findings strongly support an inhibitory role of endogenous 5-HT on LTP induction in the CA1 area, they do not exclude the likelihood of opposing actions of 5-HT via different receptor subtypes in this or other hippocampal subregions. Thus, 5-HT 4 receptors mediate excitation of pyramidal neurons and are positively coupled to adenylyl cyclase, and activation of these receptors has been shown to promote LTP induction in the CA1 area in vivo (Matsumoto et al., 2001) . Furthermore, unlike the CA1 area, in the dentate gyrus endogenous 5-HT may have a predominantly facilitatory role in the full elaboration of LTP in vivo (Bliss et al., 1983) . Intriguingly, fluoxetine has been reported to increase basal excitatory synaptic transmission and thereby occlude LTP at perforant path to granule cell synapses after repeated treatment (Stewart and Reid, 2000) . These authors also reported that acquisition of a hippocampal-dependent spatial memory task (Morris water maze) was not affected by repeated fluoxetine treatment. It would be interesting to determine if the acute block of LTP in the CA1 area seen in the present study is sustained with more prolonged exposure. Recently, chronic treatment with the nonselective 5-HT reuptake inhibitor imipramine was reported to partly reverse the block of LTP by social stress (Von Frijtag et al., 2001) The findings reported here have potentially important implica- tions for how drugs may affect aspects of affective disorders that are linked to hippocampal dysfunction, particularly cognitive impairment (Duman et al., 2000; Levkovitz et al., 2001; McEwen and Magarinos, 2001; Reid and Stewart, 2001; Sapolsky, 2001) . Intriguingly, repeated tianeptine treatment has been reported to prevent chronic stress-induced reduction in hippocampal volume (Czéh et al., 2001 ) and dendritic atrophy in the CA3 area, a major source of input to the CA1 region (Magarinos et al., 1999) . The latter effect was associated with a recovery of stress-impaired learning in a hippocampal-dependent task (Conrad et al., 1996) . An important aspect of the present model is the ability to study the persistent effects of stress on hippocampal function and ways of overcoming it independent of behavior. The finding that tianeptine was able to reverse the effect of stress when administered several hours after the stress and anesthesia onset is remarkable. This is consistent with the report that tianeptine can reverse stress-suppressed exploration of a novel environment when injected after the stress (Whitton et al., 1991) . Thus, tianeptine has the capacity to reverse the neurophysiological effects of stress in a behaviorally independent manner and thereby may boost neural coping-adaptive mechanisms that may be deficient in affective disorders.
